This paper presents experimental data concerning the flow and noise generated by a sharp edged flat plate at low-to-moderate Reynolds number (Reynolds number based on chord of 2.0 × 10 5 to 5.0 × 10 5 ).
I. INTRODUCTION
Trailing edge noise is produced when boundary layer turbulence convects past a sharp trailing edge.
1,2 Turbulent trailing edge noise is important to a broad range of applications but most studies conducted in the past have focused on high Reynolds number applications such as commercial aircraft, compressors and turbo-machinery and wind turbines. Only a few studies have investigated trailing edge noise at low-to-moderate Reynolds numbers 3, 4 and as such, data sets at this Reynolds number range are relatively rare despite their importance for understanding flow-induced noise generation from micro-wind-turbines, unmanned air vehicles and underwater control surfaces. Furthermore, semi-empirical models [5] [6] [7] [8] provide accurate predictions of trailing edge noise at high Reynolds numbers 7-9 but there has been little evaluation of these models at lower Reynolds numbers.
The approach to the prediction of trailing edge noise has typically been based on a knowledge of the surface pressure fluctuations at the trailing edge. to the prediction of airfoil trailing edge noise. Howe 13, 14 extended the Chase-Chandiramani diffraction theory to include the combined effects of finite chord, airfoil thickness and trailing edge geometry on the trailing edge noise produced by a flat plate. Amiet 6 developed a more complete theoretical model for calculating the noise radiated from an airfoil trailing edge using spectral characteristics of the wall pressure. This theory has been extended by Roger and Moreau 4,15 and Roger et al. 16 to account for leading edge backscattering effects.
To validate trailing edge noise theory, experimental studies have largely focused on measuring the airfoil surface pressure fluctuations and far-field noise spectra at high Reynolds NACA airfoils are a family of airfoils whose shape is characterised using a series of digits.
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Symmetric airfoils are denoted NACA00xx, where 'xx' defines the thickness to chord ratio. A flat plate is considered to be the limiting case of a symmetric airfoil. Brooks 
II. EXPERIMENTAL METHOD
Experiments were performed in the anechoic wind tunnel at the University of Adelaide. It is likely that the far-field noise measurements are contaminated with background noise and thus the method for extracting and analysing trailing edge noise developed by Moreau et al. 32 has been used to process the far-field noise measurements. Extraneous noise sources are removed from the far-field noise measurements using the two phase-matched microphones located above and below the trailing edge. As the two microphones measure the trailing edge noise to be equal in magnitude, highly correlated and 180
• out of phase, subtracting the out-of-phase signals isolates the trailing edge noise in the far-field noise measurements. An offset value of 6 dB also needs to be removed from the corrected trailing edge noise spectra when using this method. As sound produced at the leading edge has the same characteristics as the trailing edge noise measured with the microphones above and below the trailing edge, leading edge noise is not extracted using this technique. It will however, be shown in Section III.A, that trailing edge noise is the dominant noise signal.
Hot-wire anemometry was used to obtain unsteady velocity data in the very near wake of the trailing edge of the flat plate model. It was also used to measure the boundary layer parameters (boundary layer height, displacement and momentum thickness). A TSI 1210-T1.5 single wire probe with wire length of L = 1.27 mm and a wire diameter of d = 3.81
µm was used. The probe was connected to a TSI IFA300 constant temperature anemometer system and positioned using a Dantec automatic traverse with 6.25 µm positional accuracy.
The probe was initially positioned at a location 0. 
III. EXPERIMENTAL RESULTS

A. Far-field acoustic data
The far-field acoustic spectra for the flat plate model at free-stream velocities between The time delays between sound radiated to the top trailing edge microphone and the leading edge microphone from the trailing edge and leading edge respectively are as follows:
and
where ∆t T E is the time delay between sound radiated to the top trailing edge microphone and the leading edge microphone from the trailing edge, ∆t LE is the time delay between sound radiated to the top trailing edge microphone and the leading microphone from the leading edge and c 0 is the speed of sound (343 m/s).
A peak is observed in the cross-correlation functions at ∆t T E in Fig. 6 . The magnitude of the cross-correlation function is significantly greater at ∆t T E than at ∆t LE , indicating that trailing edge noise is the dominant noise mechanism. In these experiments, the span of the plate extends beyond the width of the contraction outlet to reduce the interaction of the flow with the side plates. The fact that trailing edge noise dominates the radiated sound field in this case, supports the results of Brooks and Marcolini, 33 that the leading edge noise is produced by the turbulent boundary layer at the test rig's side plates interacting with the sharp leading edge.
A peak in the spectrum is observed at approximately 1.5 kHz, as shown in Fig. 5 .
This peak is likely a facility induced effect caused by the acoustic interaction of sound waves produced at the trailing edge with the extension plates. This conclusion was reached because
(1) the peak does not shift with flow speed, indicating that it is independent of the flow conditions; (2) it is not present when the extension plates (detailed in Section II) are removed (see other papers by Moreau et al. 32, 34 ) and (3) the near wake velocity spectra measured by the hot wire shows no indication of high energy velocity fluctuations at this frequency (see Section III.B). The results with the extension plates are retained in this paper because they allow better resolution of the higher frequency noise components.
Comparison with trailing edge acoustic theory 
where Lp 1/3 is the far-field spectra in one-third-octave bands. Data at centre frequencies above 5 kHz have been removed from the spectra measured at U ∞ = 15 m/s due to low signal to noise ratio. Fig. 7 shows that the trailing edge noise scaling law of M 5 gives a good collapse of the far-field noise spectra for the three flat plate models, especially at frequencies above 1 kHz. Ffowcs Williams and Hall 35 theory was derived using the assumption that the plate chord exceeds the acoustic wavelength of sound. The radiated sound is not expected to scale according to the M 5 scaling law at frequencies for which this assumption is invalid.
This corresponds to frequencies below 1.7 kHz for the plates used in these experiments. Values for ∆t T E and ∆t LE are calculated from geometry using Eqns. 1 and 2.
Noise prediction with the BPM model
The one-third-octave band spectra for the flat plate model are compared to the noise spectra predicted with the BPM model 5 in Fig. 8 trailing-edge noise. The BPM model was derived from existing theory and aerodynamic and acoustic data for two and three-dimensional NACA0012 airfoil models at a wide range of Reynolds numbers. In Fig. 8 , the noise spectra predicted with the BPM model have been calculated using NAFNoise 36 (NREL AirFoil Noise) at equivalent conditions to those used in experiments here. NAFNoise calculates the boundary layer displacement thickness, δ * , required as input to the BPM model using XFOIL. 37 While there are significant differences in the spectral shape and level at frequencies below 2 kHz, the BPM model is in good agreement with experimental data above 2 kHz. Poor predictions at low frequencies are likely due to the fact that the BPM model was derived from experimental data that was at times truncated at low and high frequencies. This truncation was done to eliminate the influence of extraneous noise sources that were expected to significantly affect the noise levels in the low and high frequency regions. Examining the results of Brooks et al. 5 shows that experimental data used in the derivation of the BPM model at α = 0 is well predicted at high Reynolds numbers but underpredicted in the low frequency region at low Reynolds numbers. This is the same result as observed here. This result shows that the BPM model is not particularly accurate at predicting trailing noise at low-to-moderate Reynolds numbers.
Noise prediction with semi-empirical surface pressure models
The far-field trailing edge noise can, instead, be predicted using a surface pressure approach. For the case of an orthogonal view angle, the far-field noise spectrum of a semiinfinite plane, S ∞ (R, ω), can be calculated from the surface pressure frequency spectrum, Φ(ω), upstream of the trailing edge according to
where l 3 = U c /ζ z ω, R is the observer distance, U c is the convection velocity and ζ z is the spanwise coherence decay constant. The far-field noise spectrum in Eq. 4 was derived using a semi-infinite rigid half-plane assumption. To account for the effects of finite chord length, Howe 38 derived a correction for multiple scattering from the airfoil leading and trailing edges applicable to the far-field noise spectrum of a semi-infinite plane, S ∞ (R, ω). The far-field noise spectrum for an airfoil with finite chord, S(R, ω), is given by
where G(x, y, ω) is the time harmonic Green's function defined as
The components of G(x, y, ω) are
where κ 0 is the acoustic wavenumber, The semi-empirical models of the surface pressure frequency spectrum, Φ(ω), for zero- 
is the boundary layer thickness and u * is the skin friction velocity. In this model, the surface pressure frequency spectrum is constant at low frequencies and decays according to ω −1 at high frequencies. An approximation of this surface pressure model was derived by Howe 29 and is given by
where τ w is the wall shear stress, δ * is the boundary layer displacement thickness and U e is the velocity at the boundary layer edge. This model, often referred to as the ChaseHowe model, assumes that δ = 8δ * and U c = 0.65U e . Differences in the surface pressure spectrum predicted with this model and the original version derived by Chase 24, 27 are in the low frequency region where the spectrum is proportional to ω 2 .
Smol'yakov and Tkachenko 28 derived the following surface pressure spectrum model
which predicts the spectrum to be constant at low frequencies and proportional to ω 
where θ is the momentum thickness,ω = ων/u * ,ω 0 = 49.35R
−0.88 θ and R θ = U ∞ θ/ν. At low frequencies (ω <ω 0 ), this spectrum increases according to ω 2 . In the mid frequency region (ω 0 <ω < 0.2), the spectrum peaks and decays proportional to ω −1.11 before decaying in exponent form in the high frequency region (ω > 0.2).
The most recent semi-empirical surface pressure model was derived by Goody 31 and is given by
where the timescales ratio is R T = (u * δ/ν)/ c f /2. This model incorporates Reynolds number scaling through the timescales ratio, R T , and predicts the pressure spectrum to be proportional to ω 2 at low frequencies, ω −0.7 at mid frequencies and ω −5 at high frequencies. Fig. 9 shows the far-field acoustic spectra for the flat plate model compared to estimates of the far-field trailing edge noise predicted using Eqs. 4 and 5 and the semi-empirical models of the surface pressure frequency spectrum given in Eqs. 10 -14. As the skin friction velocity, u * , was not directly measured in experiments, it was calculated using the turbulent skin friction coefficient, c f , according to u * = U ∞ c f /2. For flow over a smooth flat plate, the skin friction coefficient is approximated as c f = 0.0059/(Re 1/5 ). 40 The wall shear stress, τ w , was calculated from the skin friction velocity, u * , as u * = τ w /ρ. The convection velocity was approximated as U c = 0.65U e and the spanwise coherence decay constant ζ z = 0.714 for a flat plate. 3 The experimentally measured boundary layer parameters for Plate One are given in Table II .
Predictions of the far-field trailing edge noise using the surface pressure approach in Fig. 9 show some agreement with experimental data at frequencies above 2 kHz. However, some models consistently under predict the noise levels over all frequencies. Below 2 kHz, the predicted noise levels are significantly less than the experimentally determined noise levels.
This is in agreement with the result achieved using the BPM model in Fig. 8 , suggesting the need for further development of semi-empirical prediction models of low Reynolds number trailing edge noise.
Modified surface pressure model
To account for the low frequency mis-match between predicted spectra and experimental data, a new surface pressure model is now proposed to approximate the low Reynolds number experimental data presented in this paper. The proposed model is a modified version of the surface pressure model developed by Smol'yakov and Tkachenko 28 . Without claiming general validity, the experimental data can be approximated using the following surface pressure model
which is a modification of Eq. 12. This model was formulated to give the least mean squared error between predicted spectra and experimental data. The facility induced broadband noise component centered at 1.5 kHz is specific to these experiments and so was not included in the model. The surface pressure spectrum predicted with this model is constant and high in amplitude at low frequencies and proportional to ω −1.1 at high frequencies. Acoustic spectra calculated using Eqs. 4 and 5 and this modified surface pressure model are also shown in Fig. 9 and give the best prediction of experimental data across the measured frequency range at all flow speeds. Similarly, the acoustic far-field spectrum does not display an excess in energy below 500 Hz.
Consequently, the improved semi-empirical model provides good agreement at 15 m/s. It is possible that the low frequency component is present during the experiment, however the shedding frequency was lower than 100 Hz, the lowest resolved frequency during the test.
IV. CONCLUSION
This paper has presented results of an experimental investigation on the noise generated by a sharp-edged flat plate at low-to-moderate Reynolds numbers. The results include farfield acoustic spectra and velocity spectra measured in the near wake of the trailing edge.
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